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IV-1-specific CD8
ϩ cytotoxic T lymphocytes (CTLs) exert a major selective pressure that shapes viral sequences (22) through evolution to avoid CTL antiviral activity (3, 18) . Mutational escape from CTLs generally is considered an all-or-nothing phenomenon. Because persistence of a CTL response is driven by antigenic stimulation (allowing a waning of responses against cleared pathogens), mutational escape of an epitope typically has been associated with decay of the CTL response against that epitope (6, 13) . In line with this scenario, it has been noted that rapid viral escape and CTL retargeting occur during early infection (6, 14, 18) , while chronic infection is marked by stability of both epitope sequences and CTL targeting (16) or much-delayed epitope escape mutation (12, 13) .
However, the generation of escape mutations can be limited by structural and functional constraints on viral replicative capacity (RC), and increasing data indicate that the options for evasion of CTLs targeting some epitopes are associated with substantial RC costs (7, 15, 19, 21, 26, 27) . The reported examples of this phenomenon involve immunodominant epitopes restricted by human leukocyte antigen (HLA) alleles that are associated with superior immune containment of HIV-1 (B*13, B*27, B*57), suggesting that both CTL antiviral pressure and RC loss associated with escape contribute to the benefits of these HLA types. In these cases, escape tends not to be associated with decay of the CTL response. Thus, because these responses persist during chronic infection, there appears to be a situation where the optimal balance for HIV-1 is a tradeoff of maintaining RC for incomplete evasion of CTLs (driving CTL persistence). This intermediate scenario represents "partial escape."
To investigate whether this phenomenon occurs for epitopes presented by other HLA types, the evolution of HIV-1 from persons with chronic infection was examined after ex vivo passaging in the absence of CTL selection to observe whether chronically CTL-targeted epitopes would "revert" as a reflection of reduced RC due to CTL pressure in vivo. HIV-1 cultures were established from four participants with chronic untreated HIV-1 infection and viremia of at least 5 ϫ 10 3 log RNA copies per ml plasma (range, 7,500 to 19,000) who were enrolled in a University of California, Los Angeles, Institutional Review Board-approved study. None had the HLA B*13, B*27, or B*57 haplotype. The average duration of infection of these subjects was 14.3 years (median, 15; range, 6 to 21), with an average blood CD4 ϩ T lymphocyte count of 395 cells/ml (range, 284 to 594).
HIV-1-specific targeting was defined by standard gamma interferon (IFN-␥) enzyme-linked immunosorbent spot assays (ELISpot) using 15-mer peptides overlapping by 11 amino acids and spanning the entire HIV-1 consensus subtype B sequence proteome (NIH AIDS Research and Reference Reagent Program), as previously described (5, 31, 32) . Recognized epitope regions were defined as singly targeted peptides or the region of overlap between targeted consecutive overlapping peptides; in most cases, a likely minimal epitope could be inferred from the HLA type of the subject and known epitopes reported in the Los Alamos National Laboratory HIV Immunology Database ( Table 1) . The median number of epitope regions targeted by these four participants was 9.5, with a range of 9 to 17 (Fig. 1) . The most highly targeted protein was Pol (median, 5.5 epitope regions; range, 2 to 8), followed by Gag (median, 3.5 epitope regions; range, 2 to 7).
Virus was recovered from peripheral blood mononuclear cells by expanding CD4
ϩ T lymphocytes using a CD3/CD8-bispecific antibody (29, 30, 33, 35) . Recovered viruses were passaged weekly in freshly expanded CD4 ϩ T lymphocytes from multiple, non-HLA-matched, healthy HIV-1-uninfected donors for 10 to 14 weeks (median, 11). All cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, L-glutamine, penicillin, streptomycin, and recombinant human interleukin-2 at 50 U/ml (NIH AIDS Research and Reference Reagent Program). Sequencing of HIV-1 was performed on genomic DNA from the infected cell cultures using standard PCR cycling conditions and primer pairs from a previously described HIV-1 subtype B primer set; baseline sequences were obtained by plasma reverse transcription-PCR (RT-PCR) (4). Multiple PCR products were cloned using the TOPO TA kit (Invitrogen). Approximately 10 individual clones were sequenced (median, 9) for each epitope region (Fig. 1) pre-and postpassaging. All sequences were aligned with the Los Alamos National Laboratory HIV Sequence Database consensus sequences for subtype B using BioEdit and then analyzed for amino acid changes occurring after passaging.
Across all subjects, 26 amino acid changes within CTL-targeted epitope regions were noted between the consensus sequences of baseline and passaged viruses (Table 1) . One participant (subject 25) had the greatest numbers of both amino acid changes and CTL responses ( Fig. 1 ). Sequence changes were evaluated for statistical significance by Fisher's exact test as well as analyzed for selection pressure using the PAML software program and the likelihood method of Nielsen and Yang (36, 37) . Of the 26 changes, 24 were statistically significant and 7 showed evidence of significant positive selective pressure by the ratio of the nonsynonymous mutation rate to the synonymous mutation rate (dN/dS Ͼ 1). A total of 17 of the 26 substitutions (65%) were changes from nonconsensus regions for each subject as determined by IFN-␥ ELISpot mapping of CD8 ϩ T lymphocytes using a consensus subtype B peptide library (no responses were seen against Vpu or Tat). The regions shaded in gray were sequenced before and after ex vivo passaging (see Fig. 2 for the exact sequence regions). Amino acid sites that changed with passaging are marked with open arrowheads. Amino acid sites that displayed evidence of positive selection with passaging are marked with shaded diamonds (see Tables 1 and 2 for the exact amino acid positions).
to the subtype B consensus amino acid, suggesting optimization of viral RC after passaging ex vivo.
As a more global measurement of whether the sequence evolution after ex vivo passaging reflected selective pressure, the diversity of pre-and postpassaging sequences was assessed using SENDBS with the HKY model and 500 bootstrap replicates (23) . Sequence diversity tended to decrease after passaging, although this reached statistical significance only for four regions (Fig. 2) . Overall, these results suggested the evolution of HIV-1 toward an optimized fittest sequence in the absence of CTL pressure, therefore resulting in a loss of diversity.
Several amino acids flanking the epitope regions also demonstrated change after passaging. Because changes in neighboring amino acids can affect epitope processing (10, 14, 28, 38) or compensate for a loss of RC from epitope escape mutations (19) , the analysis was broadened to examine available sequences flanking the epitope regions, and at least 30 nucleotides (nt) and as much as 750 nt of flanking sequence were examined. Maximum likelihood and neighbor-joining phylogenetic trees (with 500 bootstrap replicates) were constructed using PHYLIP 3.64 (11) to determine the relationship between the initial and passaged viruses. For each subject, the passaged viruses clustered with strong bootstrap support for 13 of the 21 regions and did not intermingle with the initial sequences, indicating significantly directed evolution (Fig. 2B) .
Next, the 13 regions demonstrating directed evolution were examined for differential selective pressure between the initial ex vivo and passaged viruses using the SelectionLRT program of HyPhy (25) . Four regions demonstrated significantly changed dN/dS ratios, indicating that the ex vivo viruses were under substantially different selective pressure than the passaged viruses. The dN/dS ratios for the ex vivo clusters were Ͻ1 in all cases (mean, 0.41; range, 0.15 to 0.66), and the ratios along the branches separating the 2 groups were significantly higher in all cases (mean, 3.29; range, 0.77 to 7.30). These results indicated that purifying selection dominated in vivo and that evolution ex vivo without CTL pressure was dominated by positive selection.
A site-by-site analysis for selection revealed 24 sites under positive selection during ex vivo passaging (Table 2) . Seven sites were within mapped targeted epitope regions for the subjects, 5 corresponded to known HLA-associated polymorphisms for HLA types of the subjects (provided by Simon Mallal; data not shown), and the remaining 12 did not fall within mapped epitope regions or correspond to known HLA-associated polymorphisms. The observation of positively selected sites in regions outside our defined epitope regions and the overall changes in diversity described above were consistent with escape or compensatory mutations outside the epitope regions or other escape mutations within epitopes that were missed in our CTL mapping. Overall, the data suggested that CTLs shape the evolution of protein regions via multiple changes within or flanking targeted epitopes through direct escape mutations and/or compensatory mutations.
Finally, in order to determine whether the changes observed during adaptation in culture had a direct effect on viral fitness, the replication capacities of baseline and passaged viruses were compared. The GagPol coding regions from baseline and passaged samples were amplified and cloned in bulk into an NL4-3-based proviral clone, each with a different reporter gene, and then used to make recombinant reporter virus as previously described (1) (subject 19 was not tested because no remaining baseline sample was available.). The gagpol region was selected since this region contained most of the observed changes and is most likely to have a direct effect on the virus's ability to replicate in vitro. Reporter viruses were sequenced to confirm that they contained the expected polymorphisms and substitutions and that they were phylogenetically indistinguishable from the previously sequenced quasispecies at the respective time points. Paired baseline and passaged viruses were cocultured at low multiplicities of infection (MOIs), and each reporter copy number, normalized to the ␤-actin copy number, was measured by quantitative PCR (qPCR) on days 1, 3, and 5 as previously described (2) . Replication rates, expressed as increases in log 10 copies (normalized)/day, were compared (Fig. 3) ; for each subject, the passaged sample had a higher replication rate than the baseline sample, with the differ- ences for subjects 17 and 26 being highly statistically significant at P values of 0.002 and 0.0004, respectively. This demonstrates that the sequence changes in GagPol observed after passage resulted in an increased replication capacity and implies that the mutations associated with CTL selective pressure at baseline indeed result in a diminished in vivo fitness.
Because CTL responses depend on antigenic stimulation, they decay when fully escaped. Thus, the observed stability of CTL responses during chronic infection demonstrates the lack of complete escape (16) , which, in contrast, is seen frequently during acute infection (6, 14, 24) , suggesting that the earliest escape mutations have low fitness costs that allow complete escape with little fitness cost. In contrast, however, escape mutations in immunodominant epitopes targeted during chronic infection by persons with the protective HLA types B*13, B*27, and B*57 are not associated with the loss of CTL responses against those epitopes (7, 15, 19, 21, 26, 27) . In these cases, the high fitness costs for escape likely limit options to epitope variants that are either still recognized well enough to drive CTL proliferation or associated with such severe loss in RC that competing levels of the index virus persist. Thus, this appears to represent "partial escape," where HIV-1 does not appear to have the capability to generate an epitope mutant in which the loss of RC is completely outweighed by the evasion of CTLs targeting that epitope. This situation leads to a net loss of fitness through a combination of residual CTL recognition and a loss of RC and is believed to be a major mediator of the protective effects of these HLA types.
While escape from CTLs otherwise has usually been considered a dichotomous process, our results suggest that this is not the case and suggest that escape during chronic infection likely falls along a continuum of partial escape for common nonprotective HLA types as well. Once HIV-1 is removed from the selective pressure of CTLs in vivo, targeted regions show amino acid substitutions and a loss of diversity that indicate optimization of fitness through reversion of escape mutations. The majority of substitutions correspond to consensus amino acids for subtype B, further supporting evolution toward the presumed fittest sequence. Some of these substitutions do not match the consensus sequence, suggesting either that the consensus residue represents a common escape mutation shared by the majority of persons (17, 20) or that the optimal amino acid is context dependent. Formal fitness assessments demonstrate that the observed sequence changes result in fitness gains, confirming that the evolution of sequences ex vivo reflects selection of fitter variants, in agreement with predictions that fitter members rapidly overgrow quasispecies (8) . Thus, it appears that partial escape commonly imposes a fitness cost that contributes to CTL antiviral effects in chronic infection in the same manner as that shown for immunodominant responses mediated by HLA types associated with superior immune control.
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